Abstract-W e have developed an in-situ method for controlled positioning of carbon nanotubes followed by highly conductive contacting of the nanotubes, using electron beam assisted deposition of gold. T h e positioning and soldering process takes place inside an Environmental Scanning Electron Microscope (E-SEM) in the presence of a source of gold-organic precursor gas.
I. INTRODUCTION Due to their unique mechanical and electrical properties, carbon nanotubes have attracted considerable attention as nanoscale building blocks for e.g. carbon-based nanoelectronics [I] . In order to investigate the potential of carbon nanotubes, various methods for forming electrical and mechanical contacts to nanostructures have been employed, and functional carbon nanoelectronic circuit components have been demonstrated [2-71. Integrating nanoelectronic components in micro-or nanoelectronic circuitry demands a method for positioning the nanostructure and forming a reliable mechanical and electrical contact to it. In this paper we present an in-situ method for attachment and electrical contacting of nanoscale components. We demonstrate controlled positioning of carbon nanotubes on microfabricated electrodes, followed by mechanically strong and highly conductive contacting of the nanotubes as illustrated in fig. 1 11. EXPERIMENTAL SETUP We performed the positioning and soldering process in a Philips XL30 ESEM-FEG environmental scanning electron microscope with water vapor as imaging gas. Typically the microscope was operated at a water vapor pressure of 100 Pa and a beam acceleration voltage of 10 kV. When introducing a metal-organic precursor gas into the E-SEM chamber, the electron beam locally decomposes the metal-organic compound and thereby deposits a metal-containing material on a sample surface at the focus point of the e-beam [SI. As more material is added, the deposit grows as a column of material in the direction of the beam. We used the compound Dimethylacetylacetonategold(III), which has a vapor pressure of 1 Pa at 25°C. The gold compound was placed close to the sample, in a container with a narrow bore tube for controlling the flow of vapor out of the source. Using a 2 mm long tube with a diameter of 0.8 mm, we obtained a growth rate of 5 0 0 d m i n . Vertical tips taller than 15 pm could be grown without significant decrease of the growth rate. In a high vacuum SEM the sample is often contaminated by carbon deposits during imaging. Using a water atmosphere in the E-SEM, we did not observe any deposition when the source of the gold compound was removed fiom the E-SEM chamber.
Using chemical vapor deposition (CVD) we grew samples of fiee-standing multiwalled carbon nanotubes on a silicon substrate, following a procedure similar to the method The nanotubes were to be soldered onto microelectrodes. With standard microfabrication techniques we produced goldcoated silicon chips with multiple microcantilever electrodes extending over the edge of the chip [IO] . The microelectrode chip was mounted on a nanometer precision three-axis translation stage inside the SEM while the MWNT sample was placed close to the opening of the gold-compound source, which was mounted on the position stage of the E-SEM. Thereby we could move the nanotube sample and the electrode chip in three dimensions relative to each other and to the ebeam. The setup is illustrated in fig. 2 .
RESULTS
During the positioning and soldering procedure the microelectrodes were connected to a DC voltage source and the current running between the electrodes was monitored continuously. The electrode pair was positioned so that a nanotube extending fiom the sample was lying across the electrodes, bridging the gap between them. By slowly scanning the beam across the nanotube at the point of contact between the nanotube and one of the electrodes, a gold-containing soldering bond was formed. To avoid unwanted contamination of the nanotubes by soldering material, we avoided imaging the suspended part of the nanotubes at high magnification. Electrical contact was established during the soldering process at the second electrode. Fig. 3 shows the current measured during the second soldering with a bias voltage of 10 mV. In this example the current rises fast to 800 nA and then to 1100 nA where it stabilizes. In another experiment it rose in two steps, first to about 60 nA and then abruptly to 300 nA. A linear current-voltage curve was measured in all studied samples, indicating ohmic conduction. An additional deposition, performed with a higher beam current at the outer edge of the microelectrodes, allowed us to mechanically break be constant over days in air.
In order to veri@ that the soldering material is conducting, we deposited bridges of the material between microelectrode pairs and measured the IV characteristics. The inset of fig. 5 presents a SEM overview image of a bridge connecting the electrodes, while the main figure shows a close-up of such a bridge. We fabricated several bridges with dimensions similar to the one shown. They all showed ohmic resistances of about 2 U, which decreased over time when passing current through the bridge. Estimating the cross section from the SEM images we obtain resistivities down to ncm, consistent with measurements on bridges with different dimensions [I 11. We also attached MWNTs onto microelectrodes by deposition of carbonaceous material originating &om the background gas in a high vacuum SEM. These devices showed electrical conduction in the Mn range, thereby indicating that the metal content of the soldering material is necessary for good electrical contact.
We studied the electron beam deposited gold material further by depositing material in vertical tips suitable for TEM. The analysis revealed a crust of small 3-10 nm gold particles embedded in a carbon matrix, surrounding a solid core of gold with single crystalline areas of about 30 nm. Fig. 6 presents a TEM image of such a deposited tip, showing the dense gold core and the crust with the gold nanoparticles. The inset displays a close-up of the border between core and crust, where the lattices of nanoparticles and gold core are resolved. The composition of the deposit, the size of the gold core, nanoparticles and crust thickness, depends on the deposition conditions [ 121.
In addition, we investigated the soldering process by depositing beams of soldering material on suspended carbon nanotubes and studying the soldering region on the nanotubes using TEM. The TEM image displayed in fig. 7 shows two such soldering regions. Gold soldering material is seen to gather around the nanotube in the soldering region and the nanotube appears locally to have a reduced diameter or to be collapsed. However, when performing the soldering on a microelectrode gold surface the deposition conditions are different and may lead to another structure. A diameter reduction has been observed in carbon nanotubes exposed to electron irradiation and has also been predicted to occur under ion irradiation [13, 14] . However, the damage threshold for electron irradiation was found to be in the order of 100 keV. Nanotube and deposits are both covered by a carbonaceous contamination layer. By replacing the open precursor gas source with a controlled inlet of precursor gas, that can be switched ofT, we expect to be able to strongly reduce the contamination.
Finally, we tested the mechanical strength of the solderings. In the experiment illustrated in figure 8 , we soldered a multiwalled nanotube extending from a substrate onto a microelectrode. When moving the electrode away from the substrate, thereby stretching the nanotube, we observed that the nanotube and not the soldering bond broke (a). After soldering is seen to gather around the nanotube in the soldering regions and the nanotube is locally deformed. A carbonaceous contamination layer is covering tube and deposits. By a controlled inlet of precursor gas we expect to be able to strongly reduce the contamination.
the ends of the nanotube together (b), we saw again that withdrawal of the electrode broke the tube and not any of the soldering bonds (c). Repeating the experiment, we consistently observed the nanotube to break rather than the soldering bonds, both for tube-electrode and for tube-tube bonds.
IV. DISCUSSION Electron transport in multiwalled carbon nanotubes is not filly resolved and the question regarding the contribution of individual shells to the overall conductivity is still open. Frank et al. [15] observed consistent resistances of 13 w2 for nearly defect-fiee arc-discharge grown MWNTs, whereas Collins and co-workers [16] found lower values (5-15 w2) and evidence of several contributing shells at low bias voltage. We found for our four MWNT bridges resistances between 9 and 29 162.
Nanotubes grown by chemical vapor deposition generally contain more structural defects than arc-discharge or laserablation grown nanotubes. These defects may cause a curving of the nanotubes (see e.g. fig. 4, upper panel) . Defects are expected to decrease the conductivity of each shell. Still, the nanotube resistances obtained in our nanosoldered CVD-grown MWNTs are relatively small compared to ref. 15 and 16. We observed that the soldering process brings gold particles in close contact with the carbon nanotube and deforms the tube in the soldering region. This suggests that the nanosoldering establishes contact to a larger number of shells, compensating for the reduced conductivity of the individual shells and thereby giving a rather low overall resistance. However, when performing the soldering on a microelectrode gold surface the deposition conditions are changed compared to soldering on suspended nanotubes and this may lead to a soldering region structure different from the structure presented in fig. 7 .
The resistivity of the soldering material is slightly larger than the value 1.3-10" Rcm reported by Bietsch et al. for pure microcontact printed gold nanowires of similar dimensions 1171, and about 2 orders of magnitude larger than that of bulk gold. For electron beam deposited nanowires, resistances as small as ours have been obtained by heating the sample to 80°C during deposition, which increased the relative content of gold [8] . These values were obtained only after annealing at 18O"C, which fiuther reduced the resistivity by 2-3 orders of magnitude. The results reported in this paper were obtained at room temperature without annealing.
We observed a decrease,in resistivity of the solder material bridges over time when passing current through the bridge. The decrease went faster when increasing the current. This could be evidence of an annealing process similar to the observations described above. This is subject to ongoing investigations.
The method of nanosoldering presented here does not depend on the particular nanocomponent nor on the electrode material. It involves no lithographic steps and demands no electrical connections such as in spot-welding [5] , and it is straightforward to achieve accurate alignment. The nanosoldering technique could be central in assembly of 3D nanostructures. At present we are developing electrostatically actuated micro fabricated tweezers equipped with nanoscale electron beam deposited tips [18] . The combination of such tweezers and the nanosoldering technique could be a route to integration of nanoscale components in microfabricated devices.
